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Abstract: We study the effect of Two-Photon Absorption (TPA) nonlinear
losses on Gaussian pulses, with power that exceeds the critical power for
self-focusing, propagating in bulk kerr media. Experiments performed in
fused silica and silicon highlight a spontaneous reshaping of the input pulse
into a pulsed Bessel beam. A filament is formed in which sub-diffractive
propagation is sustained by the Bessel-nature of the pulse.
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It is well known that in a Kerr medium, when the input power P exceeds a critical power Pcrit
the pulse undergoes self-focusing [1] and for high enough powers will collapse [2]. The pulse
collapse will eventually be arrested by further effects which depend on the specific medium, e.g.
group velocity dispersion and Nonlinear Losses (NLL) in condensed media or plasma defocus-
ing in gases [3]. The large peak intensities reached during this process lead to the excitation of
instabilities [4] whose nature depend drastically on the medium parameters and geometry. In
literature the case of input Gaussian pulses propagating in transparent Kerr media with central
wavelength far away from the material absorption band-edge, such that the number of photons
involved in the nonlinear absorption is K ≥ 3, has been extensively studied (see [5] and refer-
ences therein). The instability shows a strong space-time coupling and will develop in the form
of an on-axis supercontinuum and a conical emission, i.e. angularly dispersed frequencies. In
the near field this instability is associated with the formation of X Waves [6, 7, 8, 9] and of a
sub-diffractive high-intensity peak, i.e. a filament [5].
Recent experiments, performed for the first time in the regime of Two Photon absorption
(TPA), i.e. K = 2 , demonstrated filament formation [10] and waveguide writing [11] in fused
silica samples using tightly focused Gaussian UV laser pulses. Here we present new experi-
mental and numerical studies that highlight how large TPA leads to a substantially novel fila-
mentation regime. Contrary to the standard (K ≥ 3) filamentation case, no significant temporal
dynamics are observed and the input Gaussian pulse is spontaneously reshaped only along the
spatial coordinate into a Bessel profile. In order to prove the generality of our findings, we per-
formed experiments in two very different material systems, which have in common TPA at the
respective laser pump wavelengths.
A first experiment was carried out using an 8 mm long Silicon bulk sample. The pump laser
pulse at 1550 nm was delivered by a Ti:Sapph pumped optical parametric amplifier (Topas,
Light Conversion Ltd., Vilnius, Lithuania), had a temporal width of 100 fs (FWHM) and was
spatially filtered. The pulse was then focused by a f = 100 mm lens placed 97 mm before the
input facet of the sample. A half wavelength plate and a polarizer were used to continuously
tune the energy in a range from 50 µJ to less than 1 nJ. Both near-field and angularly resolved
spectra were recorded with a 12 bit digital InGaAs CMOS camera (XEVA, XenICs, Leuven,
Belgium). The near field at the output plane of the sample was measured with a 10.6 times
magnifying, single lens imaging system. The angularly resolved spectra were measured using
a commercial imaging spectrometer (Shamrock, Andor Technology).
Figure 1(a) shows the Gaussian-like beam profile recorded at the very low input energy of
1.5 nJ (linear regime). The beam profile recorded at a higher input energy, namely 70 nJ (P
∼ 24 Pcrit) is shown in Fig. 1(b). Comparison between Fig. 1(a) and Fig. 1(b) evidences the
reshaping that the Gaussian pump pulse undergoes during propagation, with the formation of
a central peak surrounded by weaker rings. Figure 1(c) shows the (Gaussian) spectrum in the
linear regime and Fig. 1(d) shows the output spectrum corresponding to the near field profile
1530 1550 1570
(b)
(c) (d)
1530 1550 1570
(a)
-0.1 0 0.1 -0.1 0 0.1
0.1
-0.1
0
2
0
-2
x (mm) x (mm)
λ (nm) λ (nm)
θ 
(d
eg
)
y 
(m
m
)
Fig. 1. Near field intensity profiles in (a) linear (1.5 nJ) and (b) nonlinear (70 nJ) regime
respectively, of a 1550 nm, 100 fs pulse, after propagation in a 8 mm long Silicon bulk
sample. (c) and (d) are the angularly resolved power spectra recorded for the same input
conditions as (a) and (b), respectively.
in Fig. 1(b). A first observation is the surprising absence of any temporal spectral broadening.
We recall once more that spectral broadening, and in particular supercontinuum generation
are typical and expected phenomena at such large input powers (with respect to Pcrit) [12].
On the other hand we notice a marked angular reshaping of the input pulse into a two peaked
structure centered around θ = 0, typical of a pulsed Bessel beam. We note that the first zero
of the Bessel function J0(x) occurs at x ∼ 2.4048 and that Bessel beams have an intensity
profile defined by I(r) = |J0(k⊥ r)|2, where r is the radial coordinate and k⊥ is the wave
vector component perpendicular to the propagation direction. In accordance with this, the cone
angle of the Bessel beam illustrated in Fig. 1(d) reveals that the corresponding pulsed Bessel
beam should have the first zero in the near field radial profile for r ∼ 15 µm. This value is
in agreement with the measured one of ∼ 16 µm (from Fig. 1(b)). In order to confirm the
absence of temporal dynamics we performed a measurement of the temporal profile of the
on-axis part of the pulse, in the conditions for which Fig. 1(b) and Fig. 1(d) were acquired. We
measured the cross correlation between the pulsed Bessel beam and a 100 fs reference pulse
@800 nm. The recorded trace (data not shown) is single-peaked and allows us to estimate that
the reshaped pulse is also single peaked and has a temporal duration of 270± 15 fs. Linear
dispersion (k′′ = 1.1×104 fs2/cm) in silicon will broaden the input 100 fs pulse to 265 fs in 8
mm propagation, in close agreement with the measured value thus confirming that indeed no
significant nonlinear temporal reshaping is taking place.
We point out that in Silicon other effects could play a relevant role in the reshaping process
described in the present paper. In fact free carriers generated by TPA lead in turn to losses [13].
We note that no accumulation effects were observed as expected at our pulse repetition rate
(KHz), due to the relatively short (∼ µs) free carrier recombination time. Furthermore, free
carrier diffusion is negligible on the time scale of our 100 fs pulse. Thus, the overall effect of
free carriers in bulk silicon may be viewed as an enhancement of the losses which will increase
toward the trailing edge of the pulse. However the role of free carriers is not structural for the
observed spatial reshaping as confirmed by the experiments performed in fused silica shown
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Fig. 2. Angularly resolved power spectrum (2 decade logarithmic scale) of a 264 nm, 200
fs pulse after propagation in a 13 mm long fused silica bulk sample for: (a) P≪ Pcrit, (b) P
∼ 1.5 Pcrit and (c) P ∼ 3.5 Pcrit .
below.
In order to highlight the generality of the spontaneous reshaping process shown here, we
repeated the far field measurements in a very different TPA material system. To this end we
characterized a sample of fused silica with a pump pulse of 200 fs (FWHM) time duration. The
pump at 264 nm was obtained as the compressed fourth harmonic of a Nd:glass amplified laser
system (Twinkle, Light Conversion Ltd., Vilnius, Lithuania). The pulse was spatially filtered
and then focused by a f = 75 mm lens placed at 72 mm before the input facet of the 1 cm
long fused silica sample. We recorded the angularly resolved power spectra with a 16 bit CCD
camera (DU 420-OE, Andor Technology) combined with an imaging spectrometer (260-i,
LOT-Oriel) and a f = 150 mm far-field lens. The results in the case of linear propagation (E
= 15 nJ) and in the nonlinear regime (E = 110 nJ, P ∼ 1.5 Pcrit) are shown in Fig. 2(a) and
Fig. 2(b), respectively. It is clear from Fig. 2(b) that also in this case a spontaneous reshaping
into a pulsed Bessel beam occurs. We were not able to directly measure the near field due
to the extremely localized peak in combination with the high peak intensity and short UV
wavelength. Finally in Fig. 2(c) we show the measured spectrum at a much higher input energy
of 260 nJ (P ∼ 3.5 Pcrit). The main Bessel peaks are still present along with distinct peaks
on-axis at new wavelengths and weaker features that start to appear also at large angles close
the central pump wavelength. These additional features are typical instabilities associated with
intense Bessel beams as observed in Ref. [14] and show that simply increasing the input power
will not lead to the usual filamentation dynamics observed with K ≥ 3. Indeed for the case
K = 3 a Gaussian input pulse reshaping was reported ([15]) in which a Bessel-like profile was
experimentally observed, but only as a purely transient regime that then quickly evolved into
a spatiotemporal X Wave [16]. On the other hand in this work the spontaneous evolution from
the input Gaussian pulse into a pulsed Bessel beam is robust and increasing the input power
leads to higher power propagating pulsed Bessel beams that may thus eventually develop
Bessel-like instabilities. As a final comment we note that in both experiments the overall
energy loss with respect to the input pulse was typically less than 30%.
We performed numerical simulations in the settings of the experiment in fused silica, i.e.
with a 200 fs, 264 nm input Gaussian pulse that tightly focuses inside (z=0.4 cm) the 1 cm
long sample. The numerics were performed using a model based on an extended Nonlinear
Schro¨dinger equation described in detail elsewhere [5] with values of the nonlinear refractive
index n2 = 2.6× 10−16 cm2/W and of the nonlinear absorption coefficient β2 = 5.6× 10−11
cm/W. After the linear focus a pulsed Bessel beam emerges whose output spectrum, shown in
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Fig. 3. Numerical simulations. (a) and (c) show the output pulsed Bessel beam spectrum
and near-field profile in conditions that reproduce the experiments in fused silica. (e) and (f)
show the fluence and radius at FWHM evolution along the propagation direction z. (b) and
(d) show the results in exactly the same conditions as in (a) and (c) but with a nonlinear Kerr
coefficient that is 5 times larger. All figures show the profiles over 3 decades in logarithmic
scale.
Fig. 3(a), exhibits two distinct peaks at θ ∼ ±0.07 rad, in close agreement with the measured
peaks at θ ∼ ±0.06 rad. The near-field distribution in Fig. 3(c) shows a clear spatial Bessel
profile and no temporal modulations. Figure 3(e) shows the fluence profile around the central
region (r∼ 0) of the pulse: close to the linear focus at z=0.4 cm the pulse intensity increases
sharply and a Bessel shaped pulse emerges that then propagates maintaining its profile
notwithstanding some residual nonlinear losses that reduce the peak intensity. This may be also
seen in Fig. 3(f) that shows the full-width at half maximum (FWHM) evolution of the pulse
highlighting the initial linear focusing regime followed by the formation of a tight (∼ 1 µm)
sub-diffractive peak. In order to investigate the relative roles of TPA and Kerr nonlinearity,
we repeated the same simulation after having artificially increased the Kerr nonlinearity by
a factor 5. The results are shown in Figs. 3(b) and 5(d). In this case the initial evolution is
dominated by a marked spatio-temporal focusing with the formation of an intense peak that
is focused in both space and time. This leads to coupled spatio-temporal spectral instabilities,
accompanied by pulse splitting and X Wave formation, typical of the usual filamentation
regime. We note that nearly identical results were obtained by keeping n 2 fixed and reducing
β2. These findings clearly indicate that the suppression of the temporal instability and the
spontaneous formation of a pulsed Bessel beam are related to a specific interplay between
diffraction, the Kerr effect and TPA. Indeed we may define the respective characteristic lengths
as Ldiff = 2k0w2, Lkerr = n0/k0n2I and Ltpa = 2/β2I, where w is the pulse half width at 1/e2,
k0 the pulse wave-vector and I is the peak intensity. Figure 4(a) shows the evolution of L diff
(solid line), Lkerr (long-dashed line) and L tpa (short-dashed line) for the same simulation in
Fig. 3(a), i.e. using parameters for fused silica, while for Figs. 4(b) and (c) the simulations
have been repeated with n2 increased by a factor 5 (with fixed β2) and with β2 decreases by
a factor 5 (with fixed n2), respectively. As may be seen, the spontaneous pulsed Bessel beam
formation dynamics associated with Fig. 4(a) [and shown in detail in Figs. 3(a), (c), (e) and (f)]
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Fig. 4. Numerically evaluated evolution of Ltpa, Ldiff and Lkerr. The simulations were per-
formed using the same input pulse conditions of the experiment and (a) n2 = 2.6×10−16
cm2/W, β2 = 5.6×10−11 cm/W, (b) n2 = 13×10−16 cm2/W, β2 = 5.6×10−11 cm/W, (c)
n2 = 2.6×10−16 cm2/W, β2 = 1.12×10−11 cm/W.
are dominated before the focus by TPA, i.e. L tpa < Ldiff, Lkerr. This indeed may be identified as
the condition required for the observation of spontaneous pulsed Bessel beam formation. On
the contrary, if the medium parameters are such that L tpa > Ldiff, the Kerr nonlinearity will lead
to space-time focusing and the amplification of X-shaped spatiotemporal instabilities as shown
in Figs. 3(b) and (d). We note that the given condition, L tpa < Ldiff, Lkerr (at every point before
the beam focus), is peculiar of the TPA regime as L tpa and Lkerr have the same dependence on
the pulse intensity I.
Finally, the spontaneous reshaping of the Gaussian pulse into a Bessel pulse may be
understood by noting that TPA acts as a distributed semi-opaque stopper placed in the center
of the beam. In propagation a bright spot will form on axis, known as the Poisson or Arago
spot and is described by a zero-order Bessel function. In other words the combined effects
of the Kerr nonlinearity, TPA and diffraction lead to a reshaping into a conical pulse with
the energy redirected around the edges of the stopper toward the center of the beam. In the
presence of strong TPA this effect appears to occur only in the spatial dimension and in the
temporal dimension no significant reshaping takes place. It is important to note that this will
remain true only in the normal GVD regime. On the contrary, the anomalous GVD regime is
formally analogous to the diffraction so that, under appropriate temporal focusing conditions,
we may expect to observe a Bessel-like reshaping in both space and time.
In conclusion, we have shown that in the presence of strong TPA, a Gaussian pulse
propagating in a Kerr medium with a power that exceeds the critical power for self-focusing,
reshapes into a pulsed Bessel beam. Therefore, the conditions for a new regime of filamentation
are reported, in which no temporal dynamics are observed and self-guiding is supported by the
Bessel-nature of the pulse. Finally we speculate that, in analogy with Ref. [14], an appropriate
excitation of the pulsed Bessel beammay even lead to the suppression,mediated byNLLs, of all
temporal instabilities and of the related peak intensity fluctuations during the pulse propagation.
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